
Materials Chemistry and Physics 243 (2020) 122606

Available online 31 December 2019
0254-0584/© 2019 Elsevier B.V. All rights reserved.

The effect of DOPA hydroxyl groups on wet adhesion to polystyrene 
surface: An experimental and theoretical study 

Remziye Yildiz a, Sercan Ozen b, Hasan Sahin b, Yasar Akdogan a,* 

a Materials Science and Engineering Department, _Izmir Institute of Technology, _Izmir, 35430, Turkey 
b Department of Photonics, _Izmir Institute of Technology, _Izmir, 35430, Turkey   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� Hydroxyl groups in DOPA play a crucial 
role on the adhesion to wet styrene 
surface. 
� DOPA or tyrosine ended PEG covered 

the styrene surface but not with 
phenylalanine. 
� Without water, catechol has the lowest 

adhesion ability to the styrene surface. 
� EPR spectroscopy provides the degree of 

surface coverage of nanoparticles in 
water. 
� AIMD simulations with and without 

water support the EPR results.  
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A B S T R A C T   

Mussels wet adhesive performance has been arousing curiosity for a long time. It is found that 3,4-dihydroxyphe-
nylalanine (DOPA) is responsible for adhesive properties of mussels. Despite a large body of research charac-
terizing the interactions DOPA with hydrophilic surfaces, relatively few works have addressed the mechanism of 
interactions with hydrophobic surfaces. The benzene ring of DOPA is the main attributor to the adhesion on 
hydrophobic polystyrene (PS) surface. However, here we showed that two hydroxyl groups of catechol have also 
effects on wet adhesion. We studied wet adhesive properties of DOPA, tyrosine and phenylalanine functionalized 
PEG polymers, PEG-(N-Boc-L-DOPA)4, PEG-(N-Boc-L-Tyrosine)4, PEG-(N-Boc-L-Phenylalanine)4, on spin labeled 
PS nanobeads (SL-PS) by electron paramagnetic resonance (EPR) spectroscopy. Surface coverage ratio of SL-PS 
upon additions of PEG-(N-Boc-L-DOPA)4, PEG-(N-Boc-L-Tyrosine)4 and PEG-(N-Boc-L-Phenylalanine)4 showed 
that SL-PS was covered with 70%, 50% and 0%, respectively. This showed that spontaneous wet adhesion on PS 
increases with the number of amino acids hydroxyl groups. This is also supported with the density functional 
theory (DFT) energy calculations and ab-initio molecular dynamics (AIMD) simulations. In water, interactions 
between water molecules and hydroxyl groups on the catechol induce catechol adhesion via π-π stacking between 
the catechol and double styrene rings which were already tilted out with water.   

1. Introduction 

Wet adhesion properties of marine mussels have inspired scientists to 

obtain adhesive materials work underwater [1,2]. In aqueous solution, 
adsorbed water molecules (hydration layers) hinders polymer adhesion 
to wet surfaces. Pre-adsorbed water molecules obstruct molecular 
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interaction and hence the stable bonds formation between the polymer 
and the surface. However, marine mussels have remarkable ability to 
stick to various wet surfaces using different types of mussel foot proteins 
(Mfps) [3]. Most Mfps contain posttranslationally modified tyrosine 
amino acid called 3,4-dihydroxyphenylalanine (DOPA), through to 
different degrees (0.1–30 mol%) [4]. 

It has been shown that catechol moiety of DOPA is responsible for 
both adhesive and cohesive properties of mussels [5,6]. A benzene ring 
and two neighboring hydroxyl groups provide DOPA to interact with 
different types of surfaces via different types of interactions, ranging 
from weak dispersion forces to covalent bonds [7]. Several interaction 
mechanisms of DOPA with different surfaces have been reported, 
including hydrogen bonding, hydrophobic interactions, electrostatic 
interactions, π-π stacking, cation-π interactions and metal-complexation 
[8]. DOPA has a strong affinity for hydrophilic surfaces, bidentate 
hydrogen bonding by DOPA is the main contributor to DOPA adhesion 
to mica and silica [8]. However, studies of surface forces apparatus 
(SFA) which is used to measure the physical forces between surfaces 
showed that hydrophilic Mfps (Mfp-1, Mfp-3F, and Mfp-5) adhere 10 
times more strongly to hydrophobic surfaces (CH3- terminated) than to 
hydrophilic surfaces (OH- terminated) [9]. Moreover, the water mole-
cules within the strong hydration layers of hydrophilic surfaces prevent 
DOPA approaching to the surface [10,11]. For example, DOPA-rich 
Mfp-3 and DOPA conjugated 4-armed polyethylene glycol (PEG) poly-
mers (PEG-(DOPA)4) cannot adhere to surface of hydrophilic silica 
nanobead under force-free conditions. But, they can spontaneously 
adhere to hydrophobic surface of polystyrene (PS) nanobead in water. In 
addition, attaching anionic surfactant molecules, sodium dodecyl sulfate 
(SDS), to amine functionalized silica surface disturbs the hydration 
layers of silica, and thus PEG-(DOPA)4 is able to adhere to wet silica 
surface [12]. 

Although π-π stacking is strong enough to establish the adhesion 
between DOPA and PS [2], the mechanism of DOPA adhesion to PS 
surface has not been well understood. In the previous study, another 
aromatic amino acid, tryptophan (Trp), was conjugated with 4-armed 
PEG polymers [11]. It has been shown that PEG-(Trp)4 did not adhere 
to PS surface in water under force free conditions, although it is more 
hydrophobic than DOPA and also it has an aromatic benzene ring. This 
result showed that hydrophobic interactions and π-π stacking between 
tryptophan and styrene rings are not strong enough to achieve adhesion 
in water. In addition to these interactions, hydroxyl groups of DOPA 
could be effective for a durable adhesion in water. Interactions between 

hydroxyl groups of DOPA and adsorbed water molecules in the adhesion 
interface could help weaken the hydration barrier. Therefore, DOPA 
conjugated polymer could be more interactive with the surface mole-
cules. In order to understand the effect of DOPA hydroxyl groups on 
adhesion to the PS surface, tyrosine having a single hydroxyl group or 
phenylalanine without any hydroxyl group were attached to the 
4-armed PEG polymers, and their adhesion properties were studied both 
experimentally and theoretically (Fig. 1). 

Here, the 1H NMR and UV–Vis spectroscopic techniques were used to 
characterize the modification of PEG polymers with DOPA, tyrosine and 
phenylalanine. As an alternative technique, continuous wave (cw) 
electron paramagnetic resonance (EPR) spectroscopy was used to study 
the wet adhesion of each DOPA, tyrosine or phenylalanine functional-
ized 4-armed PEG polymers to the polystyrene surface. EPR spectros-
copy in combination with spin labeling has already been used in the 
previous surface adhesion studies [10–12]. Dynamics behaviors of spin 
labels (SL) on the PS surface characterized with rotational correlation 
times determine the EPR line shapes. Shortly, spin labels that have 
relatively free motions yield sharper signals with shorter rotational 
correlation times, instead spin labels that have more restricted motions 
yield broader signals with longer rotational correlation times [13,14]. 
Rotational correlation time of SL on the PS surface increases upon 
polymer adhesion due to the restricted slow motion of covered SL. 
Consequently, a new type of spectrum with a slow motion can be 
detected simultaneously with the spectrum of uncovered SL on the 
surface. Hence, the covered fraction of surface can be detected upon 
adhesion of the polymer by the EPR spectroscopy. This allows making 
comparison between the adhesive properties of DOPA, tyrosine and 
phenylalanine. To further investigate this phenomenon, density func-
tional theory (DFT) energy calculations and DFT based molecular dy-
namics (AIMD) simulations were performed. The effect of hydroxyl 
groups on adhesion of DOPA was analyzed by using catechol, phenol or 
benzene with double styrene rings in the presence of two water mole-
cules. Styrene-styrene interactions might be effective for the DOPA 
adhesion. Therefore, for a reliable simulations of the surface we studied 
double styrene rings with catechol, phenol and benzene molecules. It is 
discovered both experimentally and theoretically that hydroxyl groups 
on the benzene rings enhance the spontaneous adhesion to styrene 
surface under water. 

Fig. 1. Molecular structures of (A) L-DOPA, (B) L-Tyrosine, (C) L-Phenylalanine and (D) colloidal spin labeled polystyrene surface (SL-PS).  
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2. Experimental and computational methodology 

The syntheses of N-Boc-L-DOPA, PEG-(N-Boc-L-DOPA)4, PEG-(N-Boc- 
L-Tyrosine)4 and PEG-(N-Boc-L-Phenylalanine)4 were prepared as 
described in published procedures [11,15,16]. N-Boc-L-Tyrosine and 
N-Boc-L-Phenylalanine were provided from Sigma-Aldrich. Spin labeling 
of polystyrene was done according to the published procedure [10]. 

2.1. Synthesis of N-Boc-L-DOPA 

L-DOPA (0.4 mmol) and triethylamine (86 μL) were dissolved in 
water:dioxane (1:1) mixture (800 μL) in an ice bath (0 �C). 0.45 mmol 
di-tert-butyl dicarbonate (Boc) dissolved in dioxane (400 μL) was added 
into the mixture containing L-DOPA and triethylamine, and stirred at 0 
�C for 30 min. Additionally, the mixture was stirred at 25 �C for 17 h. At 
the end of the reaction, the mixture was extracted with ethyl acetate (50 
mL) and the pH of the organic phase was adjusted to 1.0 by HCl and back 
extracted with ethyl acetate (50 mL) for 3 times. Combined organic 
phases were dried over Na2SO4. Organic solvent was evaporated to 
afford N-Boc-L-DOPA as a brown color which was used in the next step 
without any purification (84% yield). 1H NMR (400 MHz, DMSO‑d6) δ: 
6.87 (d, 1H), 6.57 (s, 1H), 6.43 (d, 1H), 3.92 (br, s, 1H), 2.77-2.60 (m, 
2H), 1.30 (s, 9H). 

2.2. Synthesis of PEG-(N-Boc-L-DOPA)4, PEG-(N-Boc-L-Tyrosine)4 and 
PEG-(N-Boc-L-Phenylalanine)4 

N-Boc-L-DOPA (or N-Boc-L-Tyrosine, N-Boc-L-Phenylalanine) (23.9 
mg, 80 mmol), PEG-(NH2)4 (10 kDa) (97 mg, 9.7 � 10� 3 mmol), 1- 
hydroxybenzotriazol (HOBT) (17.3 mg, 0.128 mmol) and triethyl-
amine (17.6 μL) were dissolved in a mixture of DCM (460 μL) and DMF 
(460 μL) at 25 �C. 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 
hexafluorophosphate (HBTU) (29.6 mg, 0.078 mmol) and DCM (460 μL) 
were added into the mixture and stirred at 25 �C under argon atmo-
sphere for 5 h. At the end of the experiment, ninhydrine test was applied 
to control the remained free primary amine left on the PEG. 2–3 drops of 
product were dissolved in DCM (1 mL) and 2–3 drops of ninhydrine 
solution was put into the solution. The mixture was stirred at 50 �C for 
30 min, the test result was negative. The crude product was washed with 
saturated sodium chloride solution (50 mL), NaHCO3 (5% w/mL) solu-
tion, HCl (1 M) solution (50 mL), and distilled water (50 mL). The 
organic phase was dried over Na2SO4 and the product was precipitated 
in cold diethyl ether for 3 times. The yields of products and 1H NMR 
results are follow: 

PEG-(N-Boc-L-DOPA)4: 96% yield, 1H NMR (400 MHz, DMSO‑d6) δ: 
7.84 (s, 4H), 6.79-6.55 (m, 12H), 3.96 (br, s, 4H), 3.56-3.38 (m, 896H), 
2.55–2.70 (m, 8H), 1.28 (s, 36H). 

PEG-(N-Boc-L-Tyrosine)4: 70% yield, 1H NMR (400 MHz, DMSO‑d6) 
δ: 7.84 (s, 4H), 7.05 (d, 8H), 6.59 (d, 8H), 4.00 (br, s, 4H), 3.47-3.38 (m, 
896H), 2.75-2.57 (m, 8H), 1.27 (s, 36H). 

PEG-(N-Boc-L-Phenylalanine)4: 84% yield, 1H NMR (400 MHz, 
DMSO‑d6) δ: 7.91 (s, 4H), 7.20 (m, 20H), 4.09 (br, s, 4H), 3.47-3.36 (m, 
896H), 2.88-2.66 (m, 8H), 1.26 (s, 36H). 

2.3. Preparation of spin labeled polystyrene (SL-PS) nanobeads 

For spin labeling of PS surface, a nitroxide type 2,2,6,6-tetramethyl-
piperidine-1-oxyl (Tempo) based radical was used. 250 μL 4-carboxy 
Tempo (10 mM) dissolved in 0.2 M MES buffer (pH 3.0) was mixed 
with 100 μL amine-modified polystyrene nanobead (Sigma Aldrich, 50 
nm particle size) in the presence of a cross linker, 38 mM, 90 μL 1-ethyl- 
3-(3-dimethylaminopropyl) carbodiimide (EDC) (Thermo Scientific) for 
one day at room temperature. Excess EDC and 4-carboxy Tempo were 
washed out several times with MES buffer at pH 3.0. 

2.4. EPR measurements and calculations of surface coverage 

For EPR measurements, 180 mg/mL of PEG-(N-Boc-L-DOPA)4, PEG- 
(N-Boc-L-Tyrosine)4 or PEG-(N-Boc-L-Phenylalanine)4 dissolved in 0.2 M 
MES buffer at pH 3.0 were mixed with the same volume of SL-PS solu-
tion in 0.2 M MES buffer at pH 3.0. After a few minutes, 7 μL of mixture 
was transferred into the quartz capillary tubes for EPR measurements. A 
CMS 8400 (Adani) X-band EPR benchtop spectrometer was used for 
room temperature experiments. EPR spectra were simulated using a 
Matlab based Easyspin 4.5.5 software package [17]. 

EPR spectra of SL-PS after addition of PEG-(N-Boc-L-DOPA)4 and 
PEG-(N-Boc-L-Tyrosine)4 were simulated using individual spectral sim-
ulations of uncovered (S1) and covered (S2) spin labels. The complete 
simulations of experimental results were obtained by combining the 
individual components, (1) and (2) with appropriate numbers x(1) and 
x(2) as given by:  

Measured spectrum ¼ x(1)S1 þ x(2)S2                                                 (1) 

The surface coverage percentage is calculated by the formula as given 
by:  

%Covering ¼ Covered Area / (Covered Area þ Uncovered Area)            (2) 

where covered area is calculated from the multiplication of area under 
S1 with x(1), and uncovered area is calculated from the multiplication of 
area under S2 with x(2). 

2.5. Computational methodology 

Interactions between styrene, water and catechol were investigated 
by performing density functional theory (DFT) based first-principle 
calculations as implemented in the Vienna ab initio simulation package 
(VASP) [18]. In addition to catechol, other similar structures such as 
phenol and benzene rings were analyzed in the styrene-water system. 
The Perdew-Burke-Ernzerhof (PBE) form of electron exchange and cor-
relation and Becke-Johnson form of the van der Waals correction were 
adopted [19,20]. For total energy calculations, all structures obtained 
from AIMD are fully relaxed until pressures in x, y, z directions are less 
than |1| kB. In the unit cell, the total force was reduced to a value less 
than 10� 4 eV/Å. For plane-wave basis set, kinetic energy cutoff was 
taken as 500 eV for all the calculations. The total energy difference 
between the sequential steps as a convergence criterion for ionic re-
laxations was set as 10� 5 eV. In addition, the binding energies of 
structures, EB, were calculated using the formula;  

EB ¼ (EMolecule þ EDouble Styrene þ EDouble Water) – ESystem                      (3) 

where EMolecule stands for the energy of an isolated molecule e.g. cate-
chol, phenol or benzene, EDouble Styrene is the energy of the total system of 
two styrene, EDouble Water is the energy of two water molecule and ESystem 
is the calculated total energy of the system that includes styrene, water 
molecule and the molecule. In addition, we performed ab-initio molec-
ular dynamic (AIMD) simulations to understand the interaction of sty-
rene with catechol, phenol, and benzene both in non-aqueous and 
aqueous media. For the AIMD simulations, NVE ensemble is used. K- 
point sampling of the Brillouin zone is taken as 1 � 1 � 1 since the 
periodicity is not required. The temperature is increased from 50 to 450 
K up to 10 ps with a time step of 1 fs. 

3. Results and discussion 

3.1. Characterization of PEG-(N-Boc-L-DOPA)4, PEG-(N-Boc-L- 
Tyrosine)4 and PEG-(N-Boc-L-Phenylalanine)4 

The synthesized DOPA, tyrosine or phenylalanine conjugated PEG 
polymers (10 kDa) were first characterized by 1H NMR and UV–Vis 
spectroscopic techniques. The amine groups of the used amino acids 
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were protected with Boc groups before PEG conjugation. Fig. 2 shows 1H 
NMR spectra of functionalized four armed PEG polymers and the pre-
cursor sample of PEG-(NH2)4 in deuterated DMSO. For the 1H NMR 
spectra of PEG-(N-Boc-L-DOPA)4, PEG-(N-Boc-L-Tyrosine)4 and PEG-(N- 
Boc-L-Phenylalanine)4, the presence of signals around 7.0 ppm is the 
evidence for binding of aromatic groups to PEG-(NH2)4. In addition, the 
signal at 1.40 ppm appeared due to the protons on the methyl groups of 
Boc upon binding of N-Boc-L-DOPA, N-Boc-L-Tyrosine or N-Boc-L- 
Phenylalanine to PEG-(NH2)4. The ratio of areas under the signals 
belong to protons on the methylene groups of PEG (3.62–3.39 ppm) and 
methyl groups of Boc (1.41 ppm) are also correlated with the ratio of 
their number of protons which is 896:36. This correlation shows the 
fully binding of N-Boc-L-DOPA, N-Boc-L-Tyrosine and N-Boc-L-Phenyl-
alanine to the PEG-(NH2)4 polymers. 

Bindings of N-Boc-L-DOPA, N-Boc-L-Tyrosine or N-Boc-L-Phenylala-
nine to PEG-(NH2)4 were also confirmed using UV–Vis spectroscopic 

technique. Fig. 3 (A) shows UV–Vis absorption spectra of 1.94 � 10� 4 M 
Boc-protected amino acids before the PEG conjugation in MES buffer at 
pH 3.0 to avoid DOPA oxidation [21]. The UV–Vis absorption signals of 
DOPA, tyrosine and phenylalanine were attributed to the π-π transition 
of the aromatic ring [22]. N-Boc-L-DOPA has a sharp and strong ab-
sorption signal at 279 nm, with a found molar extinction coefficient ε279 
¼ 2242 M� 1 cm� 1. UV–Vis spectrum of N-Boc-L-Tyrosine gave a weaker 
signal at 275 nm with an ε275 ¼ 1340 M� 1 cm� 1 compared to the ab-
sorption signal of DOPA. The found molar extinction coefficient of 
N-Boc-L-Phenylalanine, ε257 ¼ 170 M� 1 cm� 1, is much smaller than that 
of DOPA and tyrosine. Its spectrum has the fine structure, wiggles, be-
tween 240 and 270 nm with a maximum at 257 nm. 

Binding of N-Boc-L-DOPA, N-Boc-L-Tyrosine or N-Boc-L-Phenylala-
nine to PEG-(NH2)4 yielded very similar UV–Vis absorption signals with 
that of free amino acids between 240 and 300 nm (Fig. 3 (B)). As ex-
pected, the precursor polymer PEG-(NH2)4 displays no detectable 

Fig. 2. 1H NMR results and structures of (A) PEG-(N-Boc-L-DOPA)4, (B) PEG-(N-Boc-L-Tyrosine)4, (C) PEG-(N-Boc-L-Phenylalanine)4 and (D) PEG-(NH2)4 in 
deuterated DMSO. 
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absorption signal. The 0.485 � 10� 4 M PEG-(N-Boc-L-DOPA)4, PEG-(N- 
Boc-L-Tyrosine)4 and PEG-(N-Boc-L-Phenylalanine)4 have absorption 
signals at 279, 275 and 257 nm, respectively in MES buffer at pH 3.0. In 
addition, absorption intensities of amino acids before and after conju-
gation with PEG are comparable. This means that four armed PEG 
polymers were conjugated fully with these amino acids. 

3.2. Determination of surface adhesion by EPR spectroscopy 

Spontaneous wet adhesion properties of DOPA, tyrosine and 
phenylalanine to colloidal polystyrene (PS) surfaces were studied using 
EPR spectroscopy. Spin labeling of PS surface with 4-carboxy Tempo 
allows monitoring the surface of PS nanobeads in aqueous environment. 
EPR line shapes are very sensitive to the rotational dynamics of spin 
labels in solution. At room temperature, free spin labels have sharp 
three-line signals with a rotational correlation time τR ¼ 20 ps because of 
having freely tumbling motion (Fig. S1). However, binding of spin labels 
to the PS surface restricts the rotational motion of spin labels and in-
creases the rotational correlation time to τR ¼ 1.6 ns (Fig. S1). Moreover, 
it is expected that covering the surface of spin labeled PS (SL-PS) 
nanobeads with adhesives slows down the rotational motion of spin 
labels and changes the EPR spectrum. 

To gain detailed insight into the adhesion of DOPA to PS surface, we 
studied with similar amino acids including tyrosine and phenylalanine. 
These are aromatic amino acids each containing a benzene ring side 
chain. Additionally, tyrosine and DOPA have one and two hydroxyl 

groups, respectively (Fig. 1). So, the effect of hydroxyl groups on the wet 
adhesion of DOPA could be studied with EPR spectroscopy. Samples 
were dissolved in 0.2 M MES buffer at pH 3.0 to avoid DOPA oxidation 
[21]. Addition of PEG-(N-Boc-L-Phenylalanine)4 with a final concen-
tration of 90 mg/mL to SL-PS solution did not change the EPR spectrum 
of the bare SL-PS (Fig. 4 (A)). This showed that PEG-(N-Boc-L-Phenyla-
lanine)4 cannot adhere to PS surface in aqueous solution without 
applying any force. Therefore, spin labels on PS are not affected from the 
polymer addition. On the other hand, a second type of spectrum was 
observed upon addition of PEG-(N-Boc-L-Tyrosine)4 or PEG-(N-Boc-L--
DOPA)4 to the SL-PS suspension (Fig. 4 (B) and (C)). This new spectrum 
with a longer rotational correlation time, τR ¼ 10 ns, originated from the 
covered spin labels on the PS (Fig. 5, S2) beside the uncovered spin la-
bels, τR ¼ 1.6 ns (Figs. 5 and S1). Rotational motions of SL on the PS 
surface become more restricted when tyrosine or DOPA functionalized 
PEG polymers adhere to the PS surface. We also tested the adhesive role 
of the precursor PEG-(NH2)4 polymer. After addition of PEG-(NH2)4 with 
a final concentration of 90 mg/mL to SL-PS solution did not change the 
EPR spectrum which shows no detectable adhesion (Fig. S2). 

In addition, EPR spectroscopy allows finding out the percentages of 
covered and uncovered spin labels on the PS surface. Therefore, the 
surface coverage could be determined upon addition of adhesive poly-
mers. Simulations of two types spectra belong to uncovered (S1) and 
covered (S2) SL on PS were used to determine the surface coverage. The 
sum of their spectra with an appropriate ratio yields the experimental 
result (Equation (1)). Fig. 5 shows the simulated spectra of SL-PS after 

Fig. 3. UV–Vis spectra of 1.94 � 10� 4 M N-Boc-L-DOPA, N-Boc-L-Tyrosine and N-Boc-L-Phenylalanine before (A) and after (B) conjugation with 0.485 � 10� 4 M PEG- 
(NH2)4. UV–Vis spectrum of the precursor PEG-(NH2)4 was also shown in (B). Samples were dissolved in 0.2 M MES buffer at pH 3.0. 

Fig. 4. EPR spectra of SL-PS before (black) and after addition of (A) PEG-(N-Boc-L-Phenylalanine)4, (B) PEG-(N-Boc-L-Tyrosine)4 and (C) PEG-(N-Boc-L-DOPA)4 (red). 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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addition of PEG-(N-Boc-L-Tyrosine)4 or PEG-(N-Boc-L-DOPA)4. Areas 
under the EPR spectra of uncovered and covered SL on the PS were used 
to calculate the surface coverage (Equation (2)). Accordingly, after 
addition of PEG-(N-Boc-L-Tyrosine)4 or PEG-(N-Boc-L-DOPA)4 to SL-PS, 
the percentages of covered SL on PS were found 50 and 70%, respec-
tively. These findings showed that DOPA functionalized PEG polymer 
compared to the tyrosine functionalized polymer adhere to the PS sur-
face more extensively. 

Here, the experimental EPR studies showed that the adhesion of four 
armed functionalized PEG polymers to PS increases in the order: PEG- 
(N-Boc-L-DOPA)4 > PEG-(N-Boc-L-Tyrosine)4, and PEG-(N-Boc-L- 
Phenylalanine)4 could not adhere to PS surface in the aqueous condition. 
Therefore, interactions between DOPA and styrene rings are larger than 
the interactions between tyrosine and styrene rings in the presence of 
water. On the other hand, the interactions between phenylalanine and 
styrene rings must be very weak to achieve the wet adhesion. 

3.3. Binding energies and AIMD simulations of the styrene systems 

In order to understand the reason of spontaneous wet adhesive 
ability of DOPA and tyrosine but not phenylalanine functionalized PEG 
polymers to PS surface, total energy and molecular dynamics calcula-
tions were performed. Instead of DOPA, tyrosine and phenylalanine 
amino acids, the interactive sides of them such as catechol, phenol and 
benzene molecules, respectively, were used in the DFT calculations. 

Although, the DOPA based adhesions on hydrophobic surfaces e.g. 
PS and CH3-terminated monolayers, have been studied experimentally 
[2,8,10], only one theoretical study was performed up to now [23]. 
Levine et al. applied a combination of surface forces apparatus (SFA) and 
molecular dynamics simulations on a DOPA-containing peptide which 
adheres strongly to CH3-terminated monolayers but adheres weakly to 
OH-terminated monolayers [23]. In the literature, the most DOPA based 
adhesive both experimental and/or theoretical studies have been 
investigated on hydrophilic and metal surfaces, e.g. silica, TiO2, mica, 
Cu (100), etc. [8,24–28]. 

While PS surface is considered hydrophobic, the benzene groups on 
the PS show hydrogen-bond accepting character. The estimated 
hydrogen bond strength between the aromatic ring of PS and water is 
higher than 110 meV which indicates the hydrophilic character of the 
aromatic moiety [29]. Therefore, spontaneous adsorption of amino acids 
functionalized PEG polymers to PS surfaces could be affected by the 

pre-adsorbed water molecules on PS. 
In Fig. 6 (A), AIMD simulations revealed that two water molecules 

interact with two styrene molecules with a binding energy 485 meV due 
to the established hydrogen bonds between water-water and water- 
styrene, and also aromatic interactions between styrenes. After 2 ps, 
water molecules diffused between two styrene rings causing them tilting 
out (Fig. 6 (A), 2 ps, side view). Addition of a catechol molecule to that 
system created new hydrogen bonds between two neighboring hydroxyl 
groups of catechol and water molecules. Furthermore, the conformation 
of styrene rings which were already tilted out enhanced the interaction 
between the catechol and styrene rings via π-π stacking in the presence 
of water (Fig. 6 (B), 2 ps, side view). Therefore, the total binding energy 
of the catechol included system increased to 761 meV. Similar to the 
case of a catechol addition, a phenol molecule addition increased the 
total binding energy of system to 733 meV. Since phenol molecule has 
only one hydroxyl group, it forms less hydrogen bonds with water 
molecules compared to the number of hydrogen bonds formed between 
catechol and water. Also, AIMD simulations showed that styrene rings 
which were tilted out in water increased the phenol-styrene ring in-
teractions via π-π stacking, too (Fig. 6 (C), 2 ps, side view). On the other 
hand, addition of a benzene molecule to the system increased the total 
binding energy of system only to 562 meV from 485 meV. Since benzene 
does not have any hydroxyl groups, interaction between benzene and 
water is weaker than the interactions between catechol-water or 
tyrosine-water. In addition, AIMD simulations showed that styrene rings 
have a relatively closed structure (Fig. 6 (D), 2 ps, side view) upon 
addition of a benzene molecule compared to the open structure of sty-
renes observed upon addition of catechol/phenol in water (Fig. 6 (B, C), 
2 ps, side views) which might be the reason of getting a less total binding 
energy. 

Without water systems, the conformations of styrene rings with 
respect to each other are also crucial for catechol, phenol and benzene 
binding. Fig. 7 shows the AIMD simulations of catechol-double styrene, 
phenol-double styrene and benzene-double styrene with total binding 
energies 90 meV, 260 meV and 120 meV, respectively. Obtaining the 
lowest total binding energy (90 meV) in the system of catechol-double 
styrene could be explained due to the higher hydrophilicity of cate-
chol compared to the others. On the other hand, the benzene ring with 
higher hydrophobicity showed only a slightly better binding property 
(120 meV) to the styrene rings. Much higher binding energy was 
observed for the phenol-double styrene system (260 meV) than the other 

Fig. 5. Simulations of EPR spectra of uncovered (S1) and covered (S2) spin labels on PS with addition of (A) PEG-(N-Boc-L-Tyrosine)4 or (B) PEG-(N-Boc-L-DOPA)4. 
The sum of appropriate proportions of S1 and S2 yielded the experimental results obtained after addition of PEG-(N-Boc-L-Tyrosine)4 or PEG-(N-Boc-L-DOPA)4 with a 
final concentration 90 mg/mL (red, dashed lines). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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two systems. In the absence of water, externally tilted styrene structure 
which induced the binding was observed only after addition of phenol. 
This showed that both hydroxyl group and benzene ring collaborate 
together to bind to styrene rings in the absence of water. 

The combined results of EPR measurements and DFT calculations 
provide the importance of hydroxyl groups on the wet adhesion of 
DOPA/tyrosine to PS surface. Semoto et al. have showed the role of 
hydroxyl groups and adsorbed water molecules in the adhesion interface 
between a fragment of epoxy resin and a water adsorbed aluminum 
oxide surface by using DFT calculations [30]. The results demonstrated 
that the hydrogen-bond network via adsorbed water molecules signifi-
cantly affects the adhesion mechanism. Here, in water, externally tilted 
styrene conformation enhances the interaction between DOPA/tyrosine 
with styrene rings. Hydroxyl groups on the DOPA and tyrosine interact 
with water molecules via hydrogen bonding, and move together which 
enhances the adhesion on PS. However, phenylalanine without hydroxyl 
groups could not interact with water. So, in the presence of water, 
pre-adsorbed water molecules on the styrene surface do not allow 
phenylalanine to be close to the styrene surface. This is also supported 

with the AIMD simulations of the systems in the absence of water. 
Without water, styrene rings externally tilted with respect to each other 
only with phenol addition which increases the binding. Hydrophilic and 
hydrophobic interactions together determine the binding of catechol to 
the styrene surface. 

4. Conclusion 

In the literature, the role of DOPA hydroxyl groups in the wet 
adhesion to the hydrophilic surfaces e.g. silica, mica and glass was 
investigated in detail. However, the role of DOPA hydroxyl groups in the 
wet adhesion to the hydrophobic surface was not studied before. Here, 
we experimentally and theoretically investigated the effects of hydroxyl 
groups on the wet adhesion to the hydrophobic polystyrene (PS) surface. 
Three amino acids with similar structures except the number of their 
hydroxyl groups, DOPA, tyrosine and phenylalanine, were attached to 
the four chain ends of a PEG polymer; PEG-(N-Boc-L-DOPA)4, PEG-(N- 
Boc-L-Tyrosine)4 and PEG-(N-Boc-L-Phenylalanine)4. 

Their wet adhesive properties were compared by using EPR 

Fig. 6. AIMD simulations of the water 
including systems: initial and after 2 ps 
configurations with front and side views for 
the different systems composed of (A) two 
styrene and two water molecules, and after 
addition of (B) one catechol molecule, (C) 
one phenol molecule and (D) one benzene 
molecule. Total binding energies of the sys-
tems are shown under the views. Red, white 
and brown atoms represent oxygen, 
hydrogen and carbon atoms, respectively. 
(For interpretation of the references to color 
in this figure legend, the reader is referred to 
the Web version of this article.)   
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spectroscopy in terms of their surface coverages. Spin labeled poly-
styrene (SL-PS) was prepared in water to be used as a model surface for 
the EPR measurements. Without applying force, PEG-(N-Boc-L-DOPA)4 
and PEG-(N-Boc-L-Tyrosine)4 were able to adhere to SL-PS surfaces with 
the percentages of surface coverages 70% and 50%, respectively. 
However, PEG-(N-Boc-L-Phenylalanine)4 did not adhere to the SL-PS 
surface noticeably. This showed that hydroxyl groups on the benzene 
rings enhance the adhesion to PS in water. In addition, the spontaneous 
wet adhesion was not achieved by phenylalanine without having a hy-
droxyl group on the benzene side. To further confirm the hydroxyl group 
effects on the wet adhesion, DFT calculations were applied to the sys-
tems including two water molecules and double styrene rings. For the 
DFT calculations, catechol, phenol and benzene molecules were used 
instead of DOPA, tyrosine and phenylalanine, respectively. After 

addition each of these molecules to the double styrene - double water 
systems, the system binding energies increases in the order of benzene <
phenol < catechol with energies 562 meV, 733 meV and 762 meV. This 
result is in parallel with the result obtained from the EPR measurements 
that showed the similar but better adhesion of DOPA than tyrosine, and 
also not a significant adhesion of phenylalanine to the PS surface. In 
water, the better adhesions of DOPA and tyrosine than phenylalanine to 
PS surface could be due to the formed hydrogen bonds between DOPA/ 
tyrosine and water molecules. Pre-adsorbed water molecules on styrene 
induce DOPA/tyrosine to be more interactive with styrene rings through 
π-π stacking. However, phenylalanine without hydroxyl group does not 
interact with water on the styrene surface and cannot be close enough to 
achieve strong bindings with styrene. In addition, in the absence of 
water, DFT calculations showed that finding one hydroxyl group on the 

Fig. 7. AIMD simulations of the systems without 
water: initial and after 2 ps configurations with front 
and side views for the different systems composed of 
(A) two styrene and one catechol, (B) two styrene and 
one phenol and (C) two styrene and one benzene. 
Total binding energies of the systems are shown under 
the views. Red, white and brown atoms represent 
oxygen, hydrogen and carbon atoms, respectively. 
(For interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   
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phenol enhances the interaction between phenol and styrenes more than 
the interactions between catechol-styrenes and benzene-styrenes in the 
order of catechol < benzene < phenol. 
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